The rheology of fresh concrete and self compacting concrete (SCC) has been studied for several decades to better understand the flowing behaviour of these materials. This is especially important in cases the concrete is pumped into the formwork through pipes. Too stiff concretes, or concretes that segregate are not suitable for pumping operations. These concretes demand too high pressures or will cause blocking during pumping operations. Pumping SCC speeds up the casting process, because the concrete is more fluid and it does not need any compaction.
) gives positive yield stresses, but it has some other problems. The dimension of the consistency factor "K" is dependent on the exponent "n". As a result, this dimension is variable and "K" is inappropriate for physical interpretation. The Herschel-Bulkley curve is also forced mathematically to be horizontal for very low shear rates -in case of shear thickening -resulting in an overestimation of the yield stress.
The modified Bingham model ( Self compacting concrete does not need any form of external compaction. As a result, a new placing technique can be applied: SCC will be pumped into the formwork from the bottom and will rise due to the applied pressure. The high fluidity and the passing ability of SCC assure that the formwork will be filled completely [1] . This new placing technique is the purpose of a project, executed by the Magnel Laboratory for Concrete Research and the Laboratory for Hydraulics, Ghent University, and financed by the Fund for Scientific Research in Flanders.
To better understand the phenomena occurring in the pipes and in the formwork during pumping operations, the rheological properties of fresh SCC must be known and controlled. Therefore, a large research on the rheological properties of fresh SCC, made with Belgian materials, is going on. In this paper, only the rheological properties in permanent regime will be discussed. Research on thixotropy and changes induced by time and temperature is still going on, but the results are not yet available.
Depending on the results of the pumping tests, tribological tests will be performed in the future to determine the friction and slip of concrete against the pipe wall [2].
MATERIALS AND METHODS

Rheometers Two different rheometers have been used to determine the rheological properties of SCC.
One of the rheometers is the ConTec viscometer 5 ( Fig. 1) , developed by the IBRI. It is a coaxial cylinders rheometer [3] , with an inner radius (R i ) of 10cm. The outer radius (R o ) measures 14.5 cm and the height of the inner cylinder is 20 cm, of which only 16 cm is submerged into the concrete. During measurements, the outer cylinder rotates at imposed velocities. At the inner cylinder, the induced torque is measured. The other rheometer is a Tattersall-Mk II rheometer [4] (Fig. 2) , with a digital output for torque and rotation speed. In this rheometer, the inner cylinder with the blades rotates at different imposed velocities. Both the rotational velocity and the induced torque are measured at the inner cylinder. The outer cylinder is fixed and has a radius of 12.5 cm. The radius of the inner cylinder, which is formed by the blades, measures 8 cm. The height between the highest and lowest point of the blades is 14 cm. The blades are fixed in an angle of 45°, forming a discontinuous spiral. Both the inner and outer cylinder of the ConTec viscometer, as also the outer cylinder of the Tattersall rheometer are provided with ribs, to prevent slippage between the concrete and the steel surface. 
2.2
Measurement procedure Both rheometers are shear-rate controlled, which means that the shear rate (or the rotation speed, which is related to the shear rate) is imposed. For both rheometers, the measurement procedure is similar. At the beginning of every test, the outer or inner cylinder resp. is rotated at a high velocity. Further, the velocity is decreased by steps. In this way, the thixotropic effects are eliminated from the measurements.
For the ConTec viscometer, the high rotational velocity (1 rps) is maintained for 5 seconds. Each following time step counts 3 seconds and consists of 1 second for the decrease in velocity and 2 seconds for measuring rotational velocity (N) and torque (T). From the results for each step, a single point in a torque-rotational velocity (T-N) diagram is generated. In total, 15 of these points are generated per test [5] .
The Tattersall-rheometer was used in the past for a two-point test. With these two points, the yield stress and the plastic viscosity of a material can be determined in case of Bingham behaviour [4] [6] . In our opinion, this test procedure did not seem very useful, since shear thickening has been observed, so a similar measurement procedure as for the ConTec 
Transformation of data
The obtained results of the measurements with the rheometers are not suitable for physical interpretation, because of their dependency on the configuration of the rheometer. A transformation must be made in order to obtain a relation between the fundamental rheological parameters: shear stress (τ) and shear rate (γ& ).
In the ConTec viscometer, a transformation is programmed in the software. This transformation is based on the Reiner-Riwlin equation [4] [5] , which can be written in the following form:
Where τ 0 = yield stress (Pa) µ = plastic viscosity (Pa s) h = height of the inner cylinder, submerged in the concrete (m) R i = radius of the inner cylinder (m) R o = radius of the outer cylinder (m) G and H are the parameters defined in eq. (3), which fits the obtained (T, N) data points:
No assumption for the flow pattern in the viscometer is required for using the ReinerRiwlin equation, but the material must be described by the Bingham model. The ReinerRiwlin equation can not be applied on the obtained data, because the concretes tested do not obey the Bingham model (this will be explained in paragraph 3). In literature [7] [8], some equations are defined which do not need a specific rheological model. These equations provide an immediate transformation of torque to shear stress and rotational velocity to shear rate:
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In contrast with the Reiner-Riwlin equation, these equations require a linear velocity profile in the rheometer. Due to the large gap in the rheometer, this requirement is not always fulfilled.
For the Tattersall rheometer, secondary flows can occur between the blades, and there is no clear definition for R i and h. As a result, the equations (4) and (5) are not suitable. Therefore, the rheometer was calibrated with a Newtonian material (polyisobutene, which is a very viscous oil) and a Bingham material (honey); with a cone-plate rheometer, used in chemistry, as reference rheometer. As a result, an immediate transformation from (torque, rotational velocity) to (shear stress, shear rate) is obtained, and the secondary flows are eliminated from the results.
Comparison of the results from both rheometers indicate that the yield stress obtained with the Tattersall rheometer is higher than the yield stress from the ConTec viscometer. The viscosities are approximately the same. Most tests were executed with the Tattersall rheometer.
2.4
Mix design and mixing procedure In total, 57 different SCC mixes were tested at different ages. The first test was carried out short after mixing, which was in general 10 to 15 minutes after water-adding-time (WAT). The concretes were also tested at 30 min and 60 min after WAT, and if the concrete still had sufficient workability, it was even tested at 90, 120 or 150 min after WAT. As mentioned before, only the results at 10 to 15 minutes after WAT are taken into account for the results presented in this paper. During each test, the concrete was evaluated using the slump flow, T50, V-funnel flow time and the L-box ratio.
The mixing occurred as follows: all aggregates, sand, cement and filler were mixed for 15 seconds. Water was added (WAT) and the mixing continued for 2 minutes. An amount of superplasticizer was added and mixed for 3 more minutes. The concrete was then evaluated (visually or by slump flow), and eventually, more superplasticizer was added and the mixing continued for 2 more minutes. The amount of superplasticizer added to the concrete was determined by trial and error, in order to obtain a good SCC. If the concrete segregated, a VMA was added and the concrete was mixed again for 2 minutes.
The mix-design for the reference mix is given in table 1. Changing the C/P ratio, keeping W/P and the amount of P (powder = cement+filler) constant. -Changing the amount of P, keeping C/P and W/P constant. -Changing the amount of P, keeping C/P and the amount of W constant (thus changing W/P also). -Changing W/P, keeping C/P and the amount of P constant.
APPLICATION OF RHEOLOGICAL MODELS
Bingham
The Bingham model, which is mainly applied to describe the rheology of fresh (self compacting) concrete, is defined by two parameters: yield stress (τ 0 , [Pa]) and plastic viscosity (µ, [Pa s]) [4] [6] [9] . The yield stress is the resistance of the material to the initiation of flow (if no reversible time effects occur), the plastic viscosity is the resistance to an increase in flow rate. The Bingham model represents a linear relationship between shear stress and shear rate and is given in eq. (6).
This equation has been applied to the results of the rheological tests, represented in Fig. 3 for the reference mix. It can be seen that the correlation of the data is very good (R² = 0.97). Although, this model is not suitable for application on the concretes tested, because the obtained yield stress is negative, which is physically impossible.
This conclusion is valid for both rheometers, as long as SCC with limestone filler is used. This will be further discussed in paragraph 4.2.
3.2
Herschel-Bulkley In Fig. 3 it can be seen that the data points do not obey the linear law perfectly. In order to describe non-linearity, the Herschel-Bulkley equation (eq. (7)) can be used [7] [10].
In this equation, τ 0 represents the yield stress, 'K' is named the consistency factor and 'n' is the consistency index, indicating shear thinning (n < 1), shear thickening (n > 1) or the Bingham model (n = 1). Application of Herschel-Bulkley results in a better correlation of the data, and no negative yield stresses are generated.
Although, the Herschel-Bulkley equation has two major disadvantages:
2nd
-The dimension of the consistency factor 'K', being Pa.s n , is dependent on the material parameter "n". As a result, the dimension of the consistency factor is variable, and has no physical meaning, e.g. for the description of the flow during pumping operations. -The mathematical background of this equation forces it to be horizontal for very low shear rates in case of shear thickening, and vertical in case of shear thinning. This can be proven by taking the derivative of the Herschel-Bulkley equation to the shear rate. This derivative, shown in eq. (8), represents the inclination of the curve, at a certain shear rate. This inclination can be defined as the viscosity of the material.
This equation equals zero, when the shear rate is approaching 0, for n > 1 (shear thickening). This means that the viscosity is 0 for very low shear rates. In case of shear thinning (n < 1), the inclination of the curve is infinite, for very low shear rates. For the Bingham model, which is represented for n = 1, no problems occur. As a result of this mathematical restriction, a deviation occurs between the HerschelBulkley equation and the data points obtained in the rheometer tests which leads to an overestimation of the yield stress, in case of shear thickening and an underestimation in case of shear thinning [11] . 
Modified Bingham model
To solve the problems occurring due to the application of the Bingham model and the Herschel-Bulkley equation, the new model needs to satisfy the following conditions: -non-linearity must be introduced -the parameters in the model need fixed dimensions -a linear term is needed to avoid "0"-viscosities at very low shear rates.
An extension of the Bingham model with a second order term fulfils these conditions. This model has been defined in [11] as the 'modified Bingham model' and can be written as follows: The modified Bingham model can also be regarded as a second order Taylor development of the Herschel-Bulkley equation, of which the higher order terms are negligible, because the value of the consistency index 'n' never exceeds 2. Rearranging this Taylor development results in a relation between the consistency index 'n' and the ratio c/µ (eq. 10). 'a' represents a random point around which the Taylor development has been taken.
This theoretical equation, with the value of 'a' set at 7.5/s -this value of 'a' has been obtained by curve fitting of the experimental results -is depicted in Fig. 5 (grey curve) together with all concretes tested with the ConTec viscometer (black dots). One can see that the correlation is very good, which means that both Herschel-Bulkley and the modified Bingham model describe shear thickening very well. Figure 5 : Relation between n and c/µ: the black dots represent the obtained data, the grey curve is equation (10), with a = 7.5/s.
SHEAR-THICKENING
4.1
Main parameters influencing shear thickening. The main parameter influencing shear thickening is the type of filler applied in the concrete. This topic will be discussed in paragraph 4.2.
Relation between n and c/µ
Most concretes tested were composed with limestone filler. In the analysis of the results discussed in this section, only these concretes were taken into account. Apart from the type of filler, four other parameters influence the shear thickening behaviour of SCC: -type of superplasticizer: the analysis has been made for both glenium 27 and glenium 51 -W/P -ratio -slump flow -grading of the aggregates In a semi-logarithmic graph (Fig. 6) , the relation between c/µ and the W/P -ratio is given, for both types of superplasticizer. The influence of the slump flow and the grading of the aggregates has been eliminated, by taking for each W/P -ratio the test result of one concrete which has a slump flow of approximately 660 mm, and has a grading of the aggregates, which is equal or equivalent to the reference mix. From Fig. 6 it is clear that shear thickening increases dramatically with the decrease of the W/P -ratio. In Figure 7 the relation between c/µ and the slump flow is depicted, for all concretes with a W/P -ratio of 0.275. In this analysis, a distinction has been made between the two types of SP (grey for glenium 27 and black for glenium 51) and the grading of the aggregates (hollow points for the mixtures without gravel 2/8, and filled for the mixtures with).
Shear thickening is exponentially related to the slump flow, which means that shear thickening is influenced by the degree of (de)flocculation [12] [13] . Adding more superplasticizer to the concrete decreases flocculation and increases the slump flow. 
4.2
Influence of the type of filler. The influence of the type of filler has been investigated by a separate testing program. Four different types of fillers, being 2 limestone fillers -limestone filler 1 has been used for almost all concretes described above -fly ash and silica fume; have been tested. To be able to compare the results, all four concretes were produced with an equal volume of filler. An appropriate superplasticizer dosage was added to obtain a slump flow of approximately 660 mm. In table 2 the total mass of filler and the amount of superplasticizer can be found, together with the slump flow and V-funnel flow time, 15 minutes after water addition. The results of the rheometer tests are displayed in fig. 8 . Only the concrete produced with silica fume does not show shear thickening, but even some shear thinning, which is in accordance to the literature [12] . The large difference between the two different types of limestone filler is also remarkable. Although the concrete with limestone filler 1 has a slightly higher slump flow, it shows much more shear thickening than the concrete with limestone filler 2. From fig. 8 it is also clear that concretes with fly ash show less shear thickening, compared with limestone filler 1, although the slump flow was higher. The causes for shear thickening and the influence of the type of filler on shear thickening will be investigated in further research.
CONCLUSIONS
From the tests, performed with two different rheometers, it is clear that self compacting concrete, made with Belgian materials shows shear thickening behaviour.
The Bingham model, which is mainly applied to describe the rheological behaviour of any concrete, generates negative yield stresses and can not be applied to the results.
The Herschel-Bulkley equation is not appropriate for physical interpretation, due to the variation of the dimension of the consistency factor. It has also a major mathematical restriction for very low shear rates.
The modified Bingham model is very suitable to describe the rheological behaviour of self compacting concrete. It has parameters with fixed dimensions, and is able to define shear thickening or shear thinning with the parameter c/µ, as good as Herschel-Bulkley does. Shear thickening is influenced by five main parameters: the type of filler, the type of superplasticizer, the W/P -ratio, the slump flow, which can be used to express the degree of deflocculation, and the aggregate grading.
SCC produced with silica fume does not show any shear thickening at all. For the limestone fillers and the fly ash, the degree of non-linearity is dependent on the type of filler. Further investigation will be undertaken to find out the causes of this behaviour.
For one type of filler, shear thickening increases exponentially with a decrease in W/Pratio, and also increases with an increase in slump flow. For gap-graded concretes, the results deviate significantly from the defined relation.
